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ABSTRACT
The objective of this study was to estimate the herita-
bility of a number of traditional and endocrine fertility
traits in addition to d-56 predicted milk yield (MY56),
and the genetic and phenotypic correlations between
these traits. Various fixed effects such as season, year,
herd, lactation number, diet, percentage Holstein
(PCH) of the cow, and occurrence of uterine infection
(UI), dystocia (DYS), and retained placenta (RP) were
also investigated. Data collected for 1212 lactations of
1080 postpartum (PP) Holstein-Friesian dairy cows in
eight commercial farms between 1996 and 1999 in-
cluded thrice weekly milk progesterone samples, calv-
ing and insemination dates, various reproductive
health records, monthly/bimonthly production records,
three-generation pedigrees, and PCH information. Ge-
neticmodelswere fitted to the data to obtain heritabilit-
ites and correlations using ASREML. Estimates of heri-
tability for interval to commencement of luteal activity
PP (lnCLA), length of the first luteal phase PP (lnLutI)
and occurrence of persistent CL type I (PCLI) were 0.16,
0.17, and 0.13, respectively. Heritabilities for preg-
nancy to first service (PFS), interval to first service
(IFS), andMY56 were 0.14, 0.13, and 0.50, respectively.
Genetic regressions of lnCLA and lnLut1 on PTA of the
sire for milk, fat, and protein yields, and PIN95 were
investigated. Regressions of lnCLA were positive and
significant on fat yield, while regressions of lnLut1 on
both protein yield and PIN95 were negative and sig-
nificant. Genetic correlations of endocrine fertility
traits (lnCLA, lnLutI, and PCLI) with MY56 were high
(0.36, P < 0.05; −0.51, P < 0.05; and −0.31, P < 0.1,
respectively). Percentage Holstein of the cows had no
significant effect on any of the fertility parametersmon-
itored. Thiswork emphasizes the strong genetic correla-
tion of fertility with production traits and, therefore,
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highlights the urgent requirement for selective breed-
ing for fertility in the United Kingdom. The high herita-
bility of endocrine fertility traits stress their potential
value for inclusion in a selection index to improve fer-
tility.
(Key words: fertility, progesterone, genetic correla-
tion, milk production)
Abbreviation key: CLA = interval to commencement
of luteal activity, DOVI and II = delayed ovulation I
and II, IFS = interval to first service, LUTI = length
of first luteal phase, MY56 = predicted milk yield on d
56, PCH = percentage Holstein, PCLI and II = persis-
tent corpus luteum type I and II, PFS = pregnancy to
first service, PIN95 = 1995 profit index.
INTRODUCTION
Infertility in dairy cattle represents a problem of in-
creasing importance, and causes considerable losses in
the dairy industry. From 1975 to 1997, pregnancy rates
fell phenotypically (by 0.45% per annum) in the United
States (Butler and Smith, 1989; Beam and Butler,
1999). Similarly, over the last 20 yr, the calving rate
to first service in the United Kingdom has declined at
a derived average of 1.0% per annum, and the typical
herd now has a first service calving rate of approxi-
mately 40% (Darwash et al., 1999; Royal et al., 2000a;
Ball, personal communication). This decline has coin-
cided with the gradual replacement of the British
Friesian by the Holstein, and the continuing drive by
breeding companies to increase genetic merit for milk
production. However, although many Scandinavian
countries, France, Germany, Israel, and The Nether-
lands have developed genetic evaluations for sires
based on their daughters’ fertility (See Linde and Phil-
ipsson, 2001; Pryce et al., 2000), no one has attempted
to incorporate fertility into UK breeding programs.
One barrier to the inclusion of fertility in breeding
programs in the United Kingdom has been the poor
quality of insemination records. For example, UK na-
tional data consist of all insemination data, some in-
semination data, or only the insemination data leading
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to a subsequent pregnancy (Pryce et al., 2000). Conse-
quently, analysis of this type of data can lead to unrelia-
ble or biased results.Measurement of fertilitywithmilk
progesterone data may offer an alternative to, or may
complement, high quality records on insemination. An
analysis of milk progesterone concentrations during
2503 lactations in British Friesian cows (1975 to 1982)
showed that the interval to commencement of luteal
activity postpartum (CLA) was phenotypically associ-
ated with traditional measurements of fertility and had
moderate heritability (0.21),much higher than the heri-
tability of other traditional fertilitymeasures (typically,
h2 < 0.05; Darwash et al., 1997a, 1997b, 1998). This
offered the possibility of using milk progesterone mea-
surements as an early aid in culling subfertile cows, or
in evaluating sires based on their daughters’ endocrine
characteristics in a progeny test.
These investigations were extended to the more mod-
ern UK Holstein dairy cow between 1995 and 1999
(Royal et al., 2000a, 2000b, 2000c). Aswell as document-
ing the sharp phenotypic decline in fertility, a compari-
son of the data from Holstein-Friesians and British
Friesians identified an increase in the proportion of
animals with one or more atypical ovarian hormone
patterns from 32% to 44% (P < 0.005). In particular,
the incidence of delayed luteolysis during the first cycle
postpartum (PCLI, 7.3% to 18.2%; P < 0.005) and dur-
ing subsequent cycles increased (PCLII, 6.4% to 16.8%;
P < 0.005), although the incidence of prolonged anovula-
tion postpartum (delayed ovulation; DOVI) and pro-
longed inter-luteal intervals (delayed ovulation;
DOVII) did not alter significantly.
While these observations suggest an unfavorable
phenotypic association between atypical ovarian hor-
mone patterns and fertility, phenotypic and genetic (co)-
variances have not been estimated. This is largely be-
cause, until now, a well-structured and well-recorded
dataset has not been available to permit such analyses.
Genetic (co)variances are the critical measure of how
such traits can be combined with others of economic
importance to accomplish selection objectives. There-
fore, the objectives of this studywere to estimate genetic
parameters for a number of endocrine and traditional
measures of fertility in addition to predicted peak milk
yield and to investigate the genetic relationships
among them.
MATERIALS AND METHODS
Database Formation
Pedigree andperformance records.Data on lacta-
tion and reproductive performance from two ‘research’
databases (University of Nottingham and Roslin Insti-
tute) and additional information from two ‘commercial’
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Figure1. Thedistribution ofHolstein genes in the cowsmonitored.
databases [National Milk Records (NMR, Chippenham,
United Kingdom) and Holstein, United Kingdom and
Ireland (HUKI, Rickmansworth, United Kingdom)]
were combined into a single database using Microsoft
Access. The information from the Nottingham and Ros-
lin databases related to 811 and 408 lactations, respec-
tively, collected between October 1996 andMarch 1999.
The HUKI database provided three-generation pedi-
grees for all cows in the study (i.e., up to and including
great-grandparents) where herd book numbers were
available. For all other cows, two-generation pedigrees
were obtained for their sires from the HUKI database,
together with any known dam pedigree up to the limit
of the great-grandparents of the study cow. The NMR
database provided milk records after permission had
been received fromherd owners for all cows except those
from Roslin Institute.
The Holstein percentages (PCH) of all cows in the
study were either obtained directly from the HUKI da-
tabase or calculated directly from the known pedigree.
The distribution of PCH (for the cows monitored) in the
database is shown in Figure 1. Approximately 85% of
the sires used in the current database were 100% Hol-
stein and 7% were 100% Friesian.
PTAwere obtained for the sires used from the Animal
Data Centre (ADC, Chippenham, United Kingdom).
Those available were milk, fat, and protein yield and
a profit index (PIN95), which is based on yield traits
and reflects the UK economic value (minimum, maxi-
mum, and standard deviations for milk, fat and protein
yield, and PIN95 were: −628, 1209, and ± 386.14 kg;
−27, 36, and ± 12.21 kg; −20, 36, and ± 11.32 kg; and
−£76, −129, and ± 41.13, respectively). Sixteen sires (73
cows) had no available PTA data.
Progesterone, veterinary, and insemination in-
formation. Progesterone profiles were available on all
cows in the database as a result of progesterone mea-
surement in milk samples taken thrice weekly as de-
scribed by Royal et al. (2000a). Veterinary treatments
for reproductive disorders have been sourced and inter-
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Figure 2. The distribution of half-sib family sizes (n = 169) in
the database.
preted for both ‘research’ databases, and these details
included in the combined database.
Endocrine fertility parameters investigated from the
combined database includeCLA (days; n = 1212), length
of the first luteal phase (LUTI, days; n = 1146), and
the occurrence of PCLI (scored as zero for absence and
one for presence; n = 1146), which is a consequence
of an extended LUTI. The precise definitions of these
parameters are given in Royal et al. (2000a).
Traditional fertility parameters investigatedwere in-
terval to first service (IFS, days; n = 1121) and preg-
nancy rate to first service (PFS, scored as zero or one;
n = 667). Approximately 5% of inseminations were at
an inappropriate stage of the estrous cycle judged from
the progesterone profiles (i.e., where there was no
chance of a pregnancy being established). These were
eliminated from the estimation of IFS and PFS. The
data analyzed for PFS were also limited because only
a subset of the data included the necessary information.
Pregnancywas confirmedbynonreturn to estrus accom-
panied by a subsequent parturition, with the exception
of 14 cases (palpation/scanning was used). Pregnancy
failure was confirmed by a fall in milk progesterone
following a service and/or a subsequent service together
with accompanying calving dates.
The production parameter representing milk yield
was chosen as predicted milk yield on d 56 (MY56; kg).
Day 56 was chosen because it was close to the time of
peak yield for all the herds in the dataset. Estimation
of MY56 is described below.
Statistical Analyses
The total number of records used in the analyses was
1212 lactations recorded from 1080 cows in eight herds,
forming 169 paternal half-sib groups (group sizes be-
tween one and 40). Figure 2 illustrates the distribution
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of paternal half-sib family sizes in the database. A total
of 923maternal half-sib groups were present (including
singleton groups) with the largest maternal half-sib
group size of three. It was not possible to identify two
of the 169 sires and 31 of the dams; those unidentified
were assumed to be unique. Milk yield information was
not available for 60 lactations, reducing the number of
lactations available for the MY56 analysis to 1152.
Mixed linear models were fitted to the data using
the restricted maximum likelihood method. ASREML
software [(A. R. Gilmour, R. Thompson, B. R. Cullis,
and S. Welham; 2001), and ASREML User’s Manual
(ftp://ftp.res.bbsrc.ac.uk/pub/aar)] were used to conduct
univariate and bivariate analyses of traits in the data-
base in order to estimate both variance components and
fixed effects. GENSTAT software (Lawes Agricultural
Trust, 1997) was used to implement amodel of lactation
curves to the test-day records for predicting yields on
a given day postpartum for use in subsequent analyses.
Principal fixedand randomeffects used in anal-
yses. (See the Appendix for a detailed model equation.)
The fixed effects analyzed in the models (at least ini-
tially) were: herds (7 df), diet within herd [(15 df), lacta-
tion number (8 df), year of calving (3 df), season of
calving (3 df; December–February, March–May, June–
August, September–November)], occurrence of retained
placenta (1 df), occurrence of dystocia (1 df), occurrence
of uterine infection (1 df), andPCHfitted as a regression
(1 df). The possible existence of genetic components of
retained placenta, uterine infection and dystocia were
investigated before their use as fixed effects (see Re-
sults section).
The inclusion of diet in the model ensured that the
impact of herds feeding experimental diets or using
characteristic management protocols during the trial
was minimized (ADAS Bridgets, 10 diets; Nottingham
University, three diets; Roslin Institute, three diets).
This identifiable source of variation was treated as a
fixed, nuisance effect. The inclusion of PCH in themodel
as a regression provided an additive breed difference
between Holstein and Friesian, over and above any
genetic variation within the breeds.
The two- and three-way interactions among herds,
years, and seasons were fitted throughout as random
effects for each trait, at least in initial models. In all
models, genetic relationships were modeled by the rela-
tionship matrix calculated from the three-generation
pedigrees and scaled by σA2, the additive genetic compo-
nent within breeds. This variance component was as-
sumed to be equal forHolstein andFriesian. Permanent
environmental effects were also investigated initially,
as repeated measurements for the same cows were con-
tained within the database.
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The significance of fixed and random effects were
assessed by Wald tests and likelihood-ratio tests, re-
spectively. Both are approximately distributed as chi-
squared. Functions of interestwere the phenotypic vari-
ance σP2 = σA2 + σC2 + σE2 (where σA2, σC2 and σE2 repre-
sent additive genetic, permanent environmental and
error variation, respectively), and heritability (σA2/σP2).
Standard errors for fixed effects and for functions of
the variance components were obtained using AS-
REML procedures.
The heritability estimates for CLA and LUTI were
sensitive to transformation (observed, natural loga-
rithm, and reciprocal) in the current and previous anal-
yses (Darwash et al., 1997b). These transformations
weighted the phenotypic distributions in such a way
that the shorter intervals received more weighting as
the transformation moved from the observed to the re-
ciprocal scale. The natural logarithm of CLA is used
in the present analyses (lnCLA) since Darwash et al.
(1997b) concluded that the loge transformation fitted
the model better than either observed or reciprocal
transformations, and comparisons with this previous
study are, therefore,more direct. The natural logarithm
of LUTI was taken to keep the analysis in line with
CLA.
Once the initial analyses had provided basic models
for the traits, further analyses were carried out to ex-
plore genetic relationships among traits by introducing
PTA as covariates into the model and bivariate analy-
ses. The cows used in the genetic evaluations resulting
in the PTA for yield formed only a small component of
the total information in the evaluation. Therefore, the
results assume that significant regressions are indica-
tive of genetic relationships.
Prediction of 56-d yield. In analyses involvingmilk
yield, the trait used for analysis was the predicted 56-
d yield (MY56). This was estimated from a model of
phenotypic yield baseduponWood’s curve (Wood, 1967),
with random regressions for cows and lactations within
cows (D. Waddington, unpublished). The parameters
used for implementing the model were derived from
an extensive analysis of the NMR database involving
30,000+ monthly records.
RESULTS
Numbers of records, means, phenotypic standard de-
viations, heritabilities, and genetic and phenotypic cor-
relations are summarized in Tables 1 and 2 for endo-
crine and traditional fertility traits in addition to peak
milk yield. The main findings are described below.
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Analysis of Genetic Variation
in Postpartum Reproductive Problems
Before their use as fixed effects in subsequent analy-
ses, the magnitude of genetic variation in reproductive
problems recorded postpartum was examined. In all
cases, the genetic component was small and not signifi-
cant, and it was assumed that any genetic influence
might be ignored in the current analysis.
Analysis of Genetic Variation
in Endocrine Fertility Parameters
Commencement of luteal activity postpartum
(CLA). The heritability of lnCLAwas 0.16 (SE 0.05; P <
0.0005). There ws no effect of PCH. Additional analyses
showed the regressions of lnCLA on PTA for milk, fat,
and protein yield (kg), and PIN95 (£) were all unfavor-
able (1.17 × 10−4 SE 7.51 × 10−5, 5.66 × 10−3 SE 2.05 ×
10−3, 4.47 × 10−3 SE 2.63 × 10−3, and 1.38 × 10−3 SE
7.15 × 10−4, respectively). While there appeared to be
a tendency for cows with a higher genetic merit for
production traits to have a longer interval to CLA, the
only coefficient that was statistically significant as be-
ing different from zero was that for PTA fat yield (kg).
Themagnitude of the regressionwas such that for every
increase in genetic merit of 10 kg of fat, CLA would
increase by 5.8% (approximately 1.5 d).
The geometricmeans for CLAduring the four seasons
were 27.1, 28.0, 20.8, and 20.9 d for winter, spring,
summer, and autumn, respectively (P < 0.025). Specific
contrasts showed the interval during spring was longer
than in any other season. Cows calving during the
spring took 35% longer (approximately 8 d) to com-
mence luteal activity postpartum than those calving in
summer. Later lactations (four +) were associated with
prolonged CLA (P < 0.05). The occurrence of uterine
infection also had a significant impact (P < 0.01) on
lnCLA with animals experiencing uterine infection, re-
quiring 18% (approximately 5 d) longer to commence
luteal activity than those that did not. Effects of herd,
year, retained placenta, dystocia, and diet were not
statistically significant.
Length of the first luteal phase (LUT1). The heri-
tability of lnLUTI was 0.17 (SE 0.06; P < 0.001). There
was no effect of PCH. Additional analysis showed the
regressions of lnLUTI on PTA for milk, fat and protein
yield (kg), and PIN95 (£) were all negative in direction
(−1.50 × 10−4 SE 8.47 × 10−5, −3.70 × 10−3 SE −2.30 ×
10−3, −5.74 × 10−3 SE 2.94 × 10−3 and −1.58 × 10−3 SE 7.98
× 10−4, respectively). Therefore, therewas a tendency for
animals with higher genetic merit for production traits
to have a shorter first luteal phase postpartum, al-
though the only coefficients significantly different from
zero were protein yield (kg) and PIN95 (£). The magni-
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Table 1. Numbers of records (n), means and phenotypic standard deviations (σP).
Trait Abbrev. n Mean σP
Commencement of luteal activity (days; ln) CLA 1212 3.22 0.52
Length of first luteal phase (days; ln) LUTI 1146 2.52 0.59
Occurrence of persistent CL type I (0,1) PCLI 1146 0.17 0.38
Pregnancy to first service (0,1) PFS 667 0.40 0.48
Interval to first service (days) IFS 1121 83.66 37.80
Predicted peak milk yield on day 56 (kg) MY56 1152 32.53 5.40
tude of the regression on PTA protein yield was such
that for every 20 kg increase in protein, LUTI decreased
by 10.8% (i.e., approximately 2 d). Similarly, for every
£20 increase in PIN, LUTI decreased by 3.11% (i.e.,
approximately 0.5 d).
The first luteal phase of an animal that experienced
postpartum uterine infection was extended on average
by 17%, or approximately 2 d (P < 0.005). There was
no statistically significant effect of herd, year, season,
retained placenta, dystocia, diet, or lactation number.
Persistent corpus luteum (PCLI). The heritability
of PCLIwas 0.13 (SE 0.06;P < 0.05). Animals experienc-
ing uterine infection were more likely (P < 0.001; 20.2
vs. 32.6%) to subsequently suffer from PCLI (i.e., first
luteal phase ≥ 19 d; Lamming and Darwash, 1998;
Royal et al., 2000a). There was no significant effect of
the other factors tested, including PCH.
Analysis of Genetic Variation
in Traditional Fertility Parameters
Pregnancy rate to first service (PFS). The herita-
bility of PFS was 0.14 (SE 0.08; P < 0.05). Both herd
Table 2. Heritabilitites (on the diagonal), genetic (below diagonal), and phenotypic (above diagonal) correla-
tions between traditional and endocrine measurements of fertility and peak milk yield (SE in brackets).
lnCLA lnLUTI PCLI PFS IFS MY56
lnCLA1 0.16 −0.05 −0.08 −0.03 0.12 0.05
(0.05)*** (0.03) (0.03)* (0.04) (0.03)* (0.03)
lnLUTI2 −0.44 0.17 . . . 0.04 0.08 −0.01
(0.23)* (0.06)*** . . . (0.04) (0.03)* (0.04)
PCLI3 −0.33 . . . 0.13 0.05 0.08 0.01
(0.27) . . . (0.06)* (0.04) (0.03)* (0.03)
PFS4 0.49 0.44 −0.14 0.14 0.02 −0.04
(0.47) (0.43) (0.46) (0.08)* (0.05) (0.05)
IFS5 −0.03 0.19 0.31 0.35 0.11 −0.013
(0.27) (0.29) (0.33) (0.59) (0.05)* (0.03)
MY566 0.36 −0.51 −0.31 −0.27 0.32 0.50
(0.17)* (0.18)** (0.22) (0.31) (0.20) (0.06)***
1ln commencement of luteal activity postpartum (days).
2ln length of first luteal phase postpartum (days).
3Persistent CL (0, 1).
4Pregnancy to first service (0, 1).
5Interval to first service (days).
6Estimated milk yield on d 56 postpartum (kg).
*P < 0.05.
**P < 0.01.
***P < 0.001.
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(P < 0.025) and diet (P < 0.01) had significant effects
on PFS. There was no other significant effect on PFS.
Interval to first service (IFS). The heritability of
IFSwas 0.11 (SE 0.05;P < 0.025). Herd (P < 0.001), year
(P < 0.01), diet (P < 0.001), and occurrence of uterine
infection (P < 0.05) had significant effects upon this
trait such that this interval was 9.2% longer in animals
experiencing uterine infection (112.6 vs 103.7 d). There
was no other significant effect on this trait.
Analysis of Genetic Variation in Predicted Milk Yield
Predicted milk yield on d 56 (MY56). The herita-
bility of MY56 was 0.50 (SE 0.06; P < 0.001). Interest-
ingly, the effects of PCH only approached significance
(P < 0.1). Further investigation as a consequence of this
result showed that, as expected, a positive relationship
between sire PTA for milk yield and PCH was signifi-
cant (P < 0.01), such that for every 10% increase in
PCH, PTAmilk increased by 91.73 kg. Herd (P < 0.001),
lactation number (P < 0.001), and diet (P < 0.001) all
had significant effects.
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Genetic and Phenotypic Correlations
Correlations between endocrine and traditional fer-
tility measures and peak milk yield are presented in
Table 2.
Associations among endocrine and traditional
fertility traits. Phenotypic associations between the
endocrine measures lnCLA, lnLUTI, and PCLI and the
traditional measure IFS were all positive and signifi-
cant (0.12, 0.08, and 0.08; P < 0.05). Therefore, interval
to first service increased with increasing lnCLA,
lnLUTI, and PCLI. All phenotypic correlations between
endocrine measures and PFS were below 0.05, and not
statistically significant. None of the genetic correlations
with PFS and IFS was significant, and the standard
errors were large.
The genetic correlation of lnCLA and lnLUTI was
negative and statistically significant (−0.44, SE 0.23;
P < 0.05). Therefore, genetically, cows experiencing a
shorter interval to CLA are more likely to experience
a longer first luteal phase. The phenotypic correlation
was similar in direction, whereas the environmental
correlation was positive (0.04). Neither was signifi-
cantly different from zero.
Associations with MY56. The genetic correlations
ofMY56with lnCLA and lnLUTIwere both statistically
significant. Genetically, cows with high milk yield at d
56 tended to have longer CLA and shorter first luteal
phases.
DISCUSSION
A number of genetic parameters have been estimated
for fertility and production traits in the current study.
The principal findings demonstrate that a substantial
proportion of the variation among individual Holstein-
Friesian UK dairy cattle in three endocrine fertility
traits (lnCLA, lnLUTI, and PCLI) is of an additive ge-
netic nature (h2 = 0.16, 0.17, and 0.13, respectively). In
addition, lnCLA and lnLUTI have significant genetic
correlations with MY56, which is close to peak yield (rg
ranging from 0.36 to −0.51). Interestingly, PCH of the
cow had no significant effect on any of the fertility traits
monitored. Therefore, this study provides clear evi-
dence to confirm that endocrine measurements of fertil-
ity have substantially higher heritabilities than the val-
ues commonly reported for traditional fertility traits
(h2 < 0.05) and that significant and strong genetic corre-
lations exist between endocrine fertility traits and pro-
duction traits.
This study confirms the heritability for lnCLA re-
ported originally by Darwash et al. (1997; 0.21). This
is important because the original study (1975 to 1982)
was on pure British Friesian dairy cows (n = 2000), and
did not include the modern Holstein. In addition, it
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agrees with the estimates published by Veerkamp et
al. (1998, 2000; h2 = 0.14 to 0.20) for a population of
Holstein-Friesians in the Netherlands (1994 to 1996).
All studies have been either small or very small, and
there are benefits from pooling these estimates to get
a weighted average. When this is done, the pooled esti-
mate for heritability of lnCLA (n = 3282 lactations) was
0.18 ± 0.03 (SE).
We have shown for the first time that the occurrence
of PCLI is heritable, and this offers the possibility of
specifically addressing this condition via selection. Al-
though all four atypical milk progesterone patterns
identified by Lamming and Darwash (1998; delayed
ovulation type I, DOV I; prolonged inter-luteal inter-
vals, DOV II; PCLI and PCLII) affect pregnancy rates to
first service, PCLI and PCLIIwere of particular concern
since both conditions had a major phenotypic impact
on pregnancy rates (Lamming and Darwash, 1998;
Royal et al., 2000a). Royal et al. (2000a) also showed
that the incidence of both these conditions has in-
creased phenotypically over the last 20 yr. PCL results
from delayed luteolysis: This condition has been re-
ported in cows showing loss of the embryo/conceptus
(possibly through mechanisms involving interferon-
tau; Thatcher et al., 1995; Darwash et al. 1999; Lam-
ming and Darwash, 1998), congenital anomalies of the
uterine horn, and inflammatory and infectious condi-
tions of the uterus (Erb et al., 1985; Lamming and
Darwash, 1998). The latter is thought to cause a subop-
timal uterine environment that consequently disrupts
the normal luteolytic mechanism of the uterus, re-
sulting in a longer CL lifespan (Noakes et al., 1990;
Lamming and Darwash, 1998).
The heritability estimated for lnLUTI was 0.17,
which is comparable in magnitude to the heritability
of lnCLA. While the impact of LUTI on fertility has
not been studied in detail as a quantitative trait, an
extended luteal phase is a syndrome that is associated
with PCLI and PCLII and, consequently, subfertility.
In the current analysis, both genetic and phenotypic
correlations with IFS were positive. The mean LUTI
has increased by almost 4 d over the last 20 yr (Royal
et al., 2000a). In cows monitored 20 yr ago, luteal phase
length was shorter in the first estrous cycle postpartum
(mean of 10.6 d) than in subsequent estrous cycles (14.9
d during the fourth estrous cycle; Darwash et al., 1998).
This trend was not evident in the current dairy popula-
tion,where length of the luteal phase remained approxi-
mately 15 d throughout the first four estrous cycles
postpartum (Royal et al., 2000a).
Throughout this analysis, estimates of genetic corre-
lations between endocrine and traditional traits of fer-
tility were attempted, but unfortunately it is clear at
this stage that our data, despite the inclusion of Roslin
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data, are still too few to provide credible estimates.
However, the phenotypic relationships between all en-
docrine traits and IFS were favorable and statistically
significant such that IFS increased with increasing
CLA, increasing LUTI and the increased occurrence of
PCLI. This is in agreement with the principle that early
reestablishment of postpartum ovarian activity is an
important prerequisite for high fertility (Darwash et
al., 1997a), and with research published by Lamming
and Darwash (1998), who reported that animals experi-
encing PCLI (extended LUTI) had reduced fertility as
monitored by several different traditional fertility mea-
surements and higher levels of embryo mortality.
The traditional measurements of fertility used here
(IFS and PFS) differed from those commonly used to
analyze fertility, because they rely on a correctly timed
insemination, the subsequentmaintenance of highmilk
progesterone, and on an actual calving rather than on
service date records or scanning data alone. This was
possible because of the availability of the progesterone
data andwas carried out to eliminate some of themana-
gerial effects introduced by incorrect service data or
services at the wrong time in the estrous cycle. Herita-
bility estimates were high (but with high standard er-
rors) compared with previously published estimates for
IFS (0.02 to 0.07; Van Arondonk et al., 1989; Faust et
al., 1989; Bagnato and Oltenacu, 1993; Hoekstra et al.,
1994; Grosshans et al., 1997; Pryce et al., 1997; Kadar-
mideen et al., 2000) and PFS (0.01 to 0.05; Faust et
al., 1989; Oltenacu et al., 1991; Weller and Ron, 1992;
Bagnato and Oltenacu, 1993; Boichard and Manfredi,
1994; Hoekstra et al., 1994; Pryce et al., 1997; Kadarmi-
deen et al., 2000). This is most likely due to the small
size of the current database and the removal of a propor-
tion of the environmental variation though use of milk
progesterone profiles.
To investigate various correlations between milk
yield and fertility, it seemed more relevant to use milk
yield when it was approaching the period of peak yield,
when energy balance is at its nadir, and close to the
timewhen insemination decisions are being taken. This
suggestion is in agreement with Philipsson (1981), who
argued that production levels beyond 7 mo postpartum
are irrelevant since cowsmaywell be at different stages
of gestation. Genetic selection for milk yield on average
results in a more severe negative energy balance (rg =
between −0.05 to −0.91; Veerkamp, 1998). Furthermore,
the phenotypic, environmental, (Butler et al., 1981;
Butler and Smith, 1989; Canfield and Butler, 1990;
Villa-Godoy et al., 1990; DeRouen et al., 1994; Beam
and Butler, 1998) and genetic relationships (Veerkamp
et al., 2000) between energy balance and fertility are
all unfavorable. The heritability estimate for MY56
(which is not strictly a test-day milk yield estimation)
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using aWood’s curve (Wood, 1967) with random regres-
sions for cows and lactations within cows was 0.50. This
agrees with estimates for test-daymilk yields published
by Jamrozik and Schaeffer (1997), which were between
0.40 and 0.59 for daily milk yield. However, it is higher
than the figures reported by Jamrozik et al., (1997; 0.38
to 0.40), Pander et al. (1992; 0.34), and Brotherstone
et al. (2000; 0.10 to 0.25). This may reflect the removal
of environmental variation by the random regression
model used to predict MY56 in the current study.
Therewas clear evidence of a positive genetic associa-
tion between MY56 and lnCLA. When PTA were used
as regression covariates, increases in all yield traits
increased lnCLA. Since the logarithmic scale is multi-
plicative, the increase in CLA (expressed in days) per
unit increase inPTAmilk yield is predicted to be greater
at high yields than at lower yields. Therefore, this posi-
tive genetic associationmay be an underlying endocrine
factor in the observed decrease in fertility associated
with the genetic increase in milk yield. The genetic
correlation betweenMY56 and lnCLAwas 0.36 (se 0.17;
P < 0.05). This is compared to 0.51 (SE 0.3; NS) obtained
by Veerkamp et al. (2000) for 305-d milk yield and CLA.
A pooled estimate of the two results, albeit the two
use slightly different measures of milk yield, gives an
estimate of 0.40 (SE 0.15). This estimate is similar in
magnitude to genetic correlations between traditional
fertility traits and milk yield (range = 0.16 to 0.64 for
calving interval, days to first service and days open
with milk yield; Van Arondonk et al., 1989; Bagnato
and Oltenacu, 1993; Campos et al., 1994; Hoekstra et
al., 1994; Grosshans et al., 1997; Kadarmideen et al.,
2000; Pryce et al., 2000) which are all unfavorable.
However, it is likely that the estimates between milk
yield and endocrine measurements are less open to bias
since they are not as open to the confounding effects of
management decisions. For instance, since insemina-
tion in high yielding cows is often delayed, genetic vari-
ance is likely to be exaggerated, which may affect any
estimated correlations.
Although these genetic correlations are unfavorable,
they are not 1, and this does not, therefore, imply that
fertility (or CLA in this case) will decline inevitably
as genetic progress occurs in milk yield. However, as
discussed by Darwash et al. (1999), it does imply that
without promotion or maintenance of genetic merit for
CLA, fertility is likely to decline. Furthermore, the un-
favorable correlation does not prevent good manage-
ment from producing both high fertility and high yields,
but it will become increasingly difficult in the long term
to maintain the current standards if nothing positive
is done to include fertility in a selection index. This
supports earlier publications by Pryce et al. (1997,
1998), Dematawewa and Berger (1998), Linde and Phil-
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ipsson (1998), Vandorp et al. (1998), and Kadarmideen
et al. (2000). It is important also to state that just be-
cause an unfavorable genetic correlation has been ob-
served between CLA and milk yield, not all measures
of fertility will have the same or even a similar correla-
tion. In fact, the genetic associations between MY56
and lnLUTI and PCLI were negative in direction. This
was observed both in the genetic regressions and in
the genetic correlation estimates. This is an interesting
finding because althoughmilk yield has genetically and
phenotypically increased over the last 20 yr through
selection, LUTI or PCLI have phenotypically increased
in length and in incidence, respectively, over the same
period. However, in both cases the environmental corre-
lations were positive and significant (0.22, P < 0.005
and 0.14, P < 0.05, respectively). This may be a prime
example of how it is possible for managerial and envi-
ronmental influences to conceal the true genetic rela-
tionships. Realistically, it is impossible to finally resolve
these issues until more precise correlations and better
data are available for analysis.
It has frequently been suggested that the breed re-
placement of theEuropeanFriesian by theNorthAmer-
ican Holstein may explain a proportion of the decline
seen in fertility. Support for this hypothesis was given
by Hoekstra et al. (1994), where regression on percent-
age Holstein explained a decline of approximately 8%
in nonreturn rate (56 d postinsemination) and preg-
nancy to first service. This suggested that the introduc-
tion of Holstein genes had decreased the performance of
the Dutch dairy herd, and that the decline will continue
until the process of genetic replacement is complete.
However, the regression of lnCLA on PCH in the cur-
rent analyses predicted only a small increase in lnCLA
as a result of substitution of the Friesian by the Hol-
stein. This is consistent with the fact that mean CLA
has not changed phenotypically since the 1975 to 1982
study of Darwash et al. (1997a) on British Friesians
(Royal et al., 2000a).
Analysis of PCH and the effect of MY56 present a
paradox since the introduction of the Holstein has re-
sulted in an increase in milk yield. (It is important to
note that the database included cows with a wide range
of Holstein genes, from 0 to 100%; Figure 1). This para-
dox is resolvable, however, and in resolving it one
should note that the associations with yield were esti-
mated after accounting for the percentageHolstein. The
Holstein and the Friesian, though clearly from a com-
mon gene pool, have been genetically separated for 12
generations, and subjected to different and changeable
selection pressures over the intervening period. For rea-
sons of genetic drift, there is no reason to assume that
a Holstein and a Friesian with the same genetic merit
for yield will have the same CLA, even though both
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these populations may display a positive genetic associ-
ation between yield and CLA. Other reasons may be
advanced, but this argument shows that the results of
the current study are not in contradiction.
The apparent lack of impact of percentage Holstein
on the lnLUTI or PCLI is also a curious finding, bearing
in mind the dramatic increase in this syndrome since
1975 to 1982. However, our data structure and analyses
do not cover all genetic scenarios thatmay be operating.
For example, if there was a locus with a dominant allele
coming from the Holstein, increasing the likelihood of
PCLI, then it is likely that the power in our study would
be limited with few pure Friesians, and much of the
information arising from Holstein percentages from 50
to 100% upgraded population.
As expected, PTA for production traits correlated
strongly with percentage Holstein, so it was surprising
that CLA was related to yield but not percentage Hol-
stein. The Friesians and low-percentage Holsteins in-
cluded in the study had low PTA for yield, so they had
not been selected for high yield. One possible explana-
tion for this inconsistency is that the Friesians moni-
tored were managed to result in a high yield (i.e., were
performing above their PTA). A second explanation is
that environmental improvements havemasked the ge-
netic trend in CLA expected to result from the introduc-
tion of Holstein genes into the UK herd. Even if the
latter suggestion were true, however, it should be noted
that because of the genetic relationship between yield
and fertility, environmental improvements will not
overcome this trend in the future.
Pregnancy to first service was not affected by uterine
infection because insemination was delayed in infected
cows until after the infection was eliminated. However,
uterine infection did affect interval to first service and
the three endocrine fertility parameters investigated,
probably because they are influenced by events immedi-
ately postpartum. These results highlight the need for
early identification and treatment of uterine infection
postpartum and for a better understanding of themech-
anisms underlying it.
CONCLUSIONS
This study has shown that several aspects of the
progesterone profile are heritable, in addition to the
interval to CLA.This finding, coupledwith the potential
of online milk progesterone monitoring, gives a much
broader perspective to the active and sustained im-
provement of reproductive health and performance of
dairy cattle, through the application of well-established
genetic principles. The data presented are small in
number; however, the findings considerably improve
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the knowledge of genetic correlation with milk yield.
Progress is made with better information.
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APPENDIX
The initial statistical model used to investigate the
trait Y for cow u was:
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Ymnopqrstu = µ + Am +Bn + Co + Dp + Eq
+ Fr + Gs + b1Hu + BCno + CDop + BDnp
+ BCDnop + It + Ju + Ku + Lmnopqrstu
Ymnopqrstuv = variable with effects as follows:
µ = overall mean,
Am = fixed effect of lactation number (m = 1–9),
Bn = fixed effect of herd (n = 1–9),
Co = fixed effect of year (o = 1995–1998),
Dp = fixed effect of season (p = 1–4),
Eq = fixed effect of uterine infection postpartum
(q = 1–2),
Fr = fixed effect of retained placenta (r = 1–2),
Gs = fixed effect of dystocia (s = 1–2),
b1Hu = regression on percentage Holstein genes
with coefficient b1 (denoted as PCH of cow
in text),
It = fixed effect of diet (t = 1–23),
BCno = random effect of herd-year interaction,
CDop = random effect of year-season interaction,
BDnp = random effect of herd-season interaction,
BCDnop = random effect of herd-year-season interac-
tion,
Ju = random effect of breeding value (N (0,
σ2AA)) where A is the numerator, relation-
ship matrix of the cows derived from the
relationships available in the data,
Ku = random effect of the individual (N (0, σ2c))
and
Lmnopqrstuv = random error term (N (0, σ2e))
